Abstract Double-stranded RNAs formed in secondary structures and replicative intermediates of viral genomes are thought to strongly elicit RNA silencing. This phenomenon is known as virus-induced gene silencing (VIGS). VIGS is a powerful tool for modifying gene expression in host plants. We constructed a virus vector based on White clover mosaic virus (WClMV) and demonstrated VIGS of phytoene desaturase (PDS) in pea. Photobleaching of tissues, caused by VIGS of PDS, was observed in restricted areas of upper leaves and stems. We confirmed that the PDS mRNA and subgenomic RNAs of WClMV were reduced in the photobleached tissues.
Post-transcriptional or transcriptional gene silencing, RNA silencing, or RNA interference (RNAi) serves to control not only expression of endogenous genes but also virus infections in plants (Ratcliff et al. 1999) . Because most plant viruses have RNA genomes, which potentially form dsRNA intramolecularly or as a replicative intermediate during their replication, plant viruses are thought to be an inducer and target of RNAi, which is triggered by doublestranded RNA (dsRNA). This process is called virusinduced gene silencing (VIGS). VIGS can be used as a tool to repress the expression of some specific (endogenous) genes via infection with a recombinant virus vector, in which an engineered viral genome is integrated with the partial nucleotide sequences of the target genes without disrupting viral pathogenicity. In fact, VIGS has been used to silence a wide variety of genes in plants and is especially useful for silencing genes in which loss-of-function mutants are lethal (Becker and Lange 2010; Robertson 2004) . A number of recombinant virus vectors to induce VIGS have been developed based on several viruses, including Tobacco etch virus (TEV), Tobacco mosaic virus (TMV), Potato virus X (PVX), Tobacco rattle virus (TRV), and Tomato golden mosaic virus (Robertson 2004) . The effect and durability of VIGS differs among virus-host plant combinations (Becker and Lange 2010; Robertson 2004) , and thus virus vectors for VIGS have generally been developed empirically.
In legumes, a virus vector based on Pea early-browning virus has previously been used for VIGS (Constantin et al. 2004) . Yoshikawa and colleagues recently developed an Apple latent spherical virus (ALSV)-based vector for efficient VIGS in a broad range of plants, including legumes (Igarashi et al. 2009 ). In this study, to develop a virus vector for VIGS in pea, we selected White clover mosaic virus (WClMV). WClMV belongs to the Potexvirus genus, as does PVX, which has been used for VIGS in some species (Robertson 2004) , and is distributed worldwide (ICTVdB Management 2006) . In Japan, WClMV has been isolated from Astragalus sinicus, white clover, red clover, and pea (Iizuka and Iida 1965; Matsumoto et al. 1989; Tsuchizaki et al. 1981) . In New Zealand, the WClMV strains WClMV-M and -O were isolated, and their genome sequences were determined (Beck et al. 1990; Forster et al. 1988 ). WClMV has a single strand of 5.8 kbp plus a sense RNA genome with a cap structure and poly A tail at the 5 0 -and 3 0 -terminal, respectively. Five open reading frames (ORFs), ORF1 through 5, which encode 147, 26, 13, 7, and 26 kDa proteins, respectively, have been found in the WClMV genome. The proteins encoded by ORF1 are RNA-dependent RNA polymerases, those encoded by ORF2 through 4 are triple gene block (TGB) proteins, and the ORF5 protein is a capsid protein (CP). Beck et al. (1990) established an infectious clone of WClMV-O, and a modified infectious clone expressing green fluorescent protein (GFP) in infected plants was later developed (Lough et al. 2000) . However, VIGS induced by WClMV has not yet been reported. In the present study, we first constructed the infectious clone of WClMV-RC, which was previously isolated from red clover in Yubari, Hokkaido, Japan (Tsuchizaki et al. 1981) , and whose full genome sequence has recently been determined (Nakabayashi et al. 2002) . Then we examined WClMV-mediated VIGS of the PDS gene in pea.
The full-length cDNA clone of WClMV-RC after the 35S promoter and followed by the 20 nucleotides (nt) of the poly A tail was constructed, and the following experiments with the clone were done as described in the supplemental materials and methods. The nucleotide sequence of the full-length cDNA clone was determined (DDBJ accession AB669182), and 11 substitutions were found in the 5,843 nt of the WClMV-RC genome compared to the sequence reported (Nakabayashi et al. 2002) . Among them, five were non-synonymous in the deduced amino acid sequences of viral proteins. We tentatively designated the full-length cDNA clone pWClMV-RCi. When broad bean cv. Kawachi-issun was biolistically inoculated with pWClMV-RCi, the upper leaves showed symptoms 1 week after inoculation, indicating the infectivity of the plasmid clone. Using the upper leaves as inoculum, we inoculated four pea lines and observed chlorosis, mosaic, and leaf deformation on infected upper leaves 20 days after inoculation (dai) (Supplemental Fig. S1a ). There was no significant difference in symptoms between WClMV-RCi-infected and WClMV-RC-infected leaves, suggesting that the two are comparable in virulence in pea. Infections were confirmed by RT-PCR (Supplemental Fig. S1b ).
We then planned to express a transgene by taking advantage of the subgenomic RNA of WClMV for translation of the CP protein, as previously described for WClMV-O (Lough et al. 2000) . First, to construct the WClMV vector, the transcription initiation site of the CP subgenome was investigated. The initiation site was determined to be the guanine at nucleotide 5156 from the 5 0 -terminal of the viral genome (-8 nucleotides from the initiation site of CP translation, Fig. 1a ), which was expected based on a comparison with other potexviruses (Skryabin et al. 1988 ). Then we inserted the multi-cloning site accompanied by a putative promoter sequence for transcription of the CP subgenomic RNA to translate the CP protein into pWClMV-RCi at the site just downstream of the subgenome initiation site (Fig. 1a) . We did not know the length of the upstream sequence necessary for efficient promoter activity to transcribe the CP subgenomic RNA. Hence, we prepared three WClMV vectors possessing promoters 50, 75, or 100 nt upstream sequences from the subgenome initiation site, as described above (pWClMVRCi-50, -75, and -100). The CP protein is required for systemic infection of most plant viruses, including PVX (Chapman et al. 1992) , and thus presumably for WClMV in legumes. If the inserted putative promoters function properly to translate CP in infected plants, then WClMV would infect systemically. We prepared GFP-tagged recombinant WClMVs with the putative promoters pWClMV-RCi-GFP50, -GFP75, and -GFP100 (Fig. 1a) and investigated their pathogenicity by observing GFP signals in inoculated broad bean and pea plants.
The infectious plasmids pWClMV-RCi-GFP-50, -GFP75, and -GFP100 were used to inoculate three plants of broad bean cv. Kawachi-issun at the third leaf from the plant base. GFP fluorescence was detected in the seventh leaves in plants inoculated with pWClMV-RCi-GFP75 and -GFP100 earlier than in plants inoculated with pWClMVRCi-GFP50 (Table 1) . Chlorotic and necrotic spots were observed in upper leaves, and GFP signals were detected coincidently with these spots. RT-PCR, which amplified WClMV genomic cDNA including the transgene GFP, confirmed infection of recombinant WClMVs and retention of the GFP gene in the recombinant WClMV genomes (Fig. 1b) . However, there were a few additional bands, which migrated faster than the expected band, in samples of plants inoculated with pWClMV-RCi-GFP75 and -GFP100, suggesting the genetic instability of the transgene in the WClMV vector.
Using the upper leaves of broad bean inoculated with the recombinant WClMVs as inoculum, we inoculated five plants of either pea PI 226564 or broad bean at the third leaf from the base. All broad bean plants showed GFP fluorescence in the fourth leaves at 5 dai and similar GFP fluorescence in the fifth and upper leaves on the following days. There was no difference in GFP fluorescence among broad bean plants inoculated with the progenies of WClMVs in which the lengths of the promoter sequence differed (data not shown). All pea plants showed GFP fluorescence in the third inoculated and fourth upper leaves from the base at 4 dai (Fig. 2a) . Interestingly, GFP fluorescence was dispersed in the entire fourth and fifth leaves at 4-6 dai but almost disappeared by 8 dai (Fig. 2a, b) . GFP fluorescence was hardly detected in the sixth (Fig. 2a) and seventh leaves. GFP fluorescence was also observed in the tenth and upper leaves at 16 dai onward (Fig. 2a) ; however, the fluorescence was in a more limited area of these leaves than in the fourth and fifth leaves at 4 dai. This spatiotemporally restricted disappearance of GFP fluorescence was not observed in infected broad bean. There was no significant difference in GFP fluorescence in terms of intensity and distribution among pea plants inoculated with the progenies of WClMVs possessing promoters of different lengths for transcription of the CP subgenomic RNA (Fig. 2c) . Regarding promoter length, these results suggest that even the shortest sequence (50 nt) was sufficient to function as a promoter to transcribe the CP subgenomic RNA, although longer lengths (75 and 100 nt) were more efficient for WClMV infection when broad bean was inoculated with these infectious plasmid DNAs (Table 1) . When the inoculated broad bean was systemically infected with the progeny viruses derived from the plasmid DNAs, these progeny viruses had similar pathogenicity on pea a b Fig. 1 Schematic representation of the construction of the White clover mosaic virus (WClMV)-RCi vectors. a A multi-cloning site followed by 50, 75, and 100 nt of the putative promoter sequences for transcription of CP translation, indicated by a bar with arrowheads at both ends, was inserted into the infectious clone pWClMV-RCi to construct the WClMV-RCi vector (pWClMV-RCi-50, -75, or -100). The GFP cDNA sequence was inserted into the AccIII site of the multi-cloning site to construct the WClMV vector expressing GFP in infected plants (pWClMV-RCi-GFP50, -GFP75, or -GFP100). b RT-PCR with primers f (5 0 -taataggcgtatatcttctagt-3 0 ) and r (5 0 -aagcgagaggcaagacgtcat-3 0 ) confirmed the infectivity of the WClMV vectors expressing GFP and the retention of the GFP genes in their progeny viruses. The expected sizes of PCR fragments with/without the GFP sequence are indicated by a closed or open arrowhead, respectively plants that were inoculated with the progeny viruses of systemic leaves of infected broad bean. Consistently, the PVX vector possessed 77 nt of the promoter sequence for transcription of the CP subgenomic RNA (Chapman et al. 1992 ). We used pWClMV-RCi-100 to examine its ability for VIGS of an endogenous gene. We tried to repress PDS expression by VIGS using the WClMV vector expressing the RNA sequence of the PDS gene in pea. PDS is involved in carotenoid biogenesis, and thus repression of PDS would reduce carotenoid content, leading to chlorophyll breakdown and photobleaching of tissues (Demmig-Adams and Adams 1996; Kumagai et al. 1995; Holzberg et al. 2002; Ratcliff et al. 2001; Turnage et al. 2002) . The 470 nt of the nucleotide sequence of the pea PDS gene, in which PDS was repressed by VIGS using the PEBV vector expressing RNA (Constantin et al. 2004) , was inserted into pWClMV-RCi-100 to obtain pWClMV-RCiPDSs and -PDSas. Both of these were used to biolistically inoculate broad bean cv. Kawachi-issun, and upper leaves expressing symptoms were used as inocula for mechanical inoculation of pea PI 226564. We inoculated the second leaves from the base of five pea plants with one of each of the viruses and observed photobleaching caused by the PDS-VIGS in repeated experiments. Severe photobleaching was observed on the sixth or seventh leaves of all plants inoculated with either WClMV-RCi-PDSs or -PDSas (Fig. 3a) . When severe photobleaching occurred on the sixth leaf, the seventh leaf showed restricted photobleaching around veins, and the eighth leaf only showed whitening of the vein. The ninth leaf did not show any photobleaching, and the tenth and higher upper leaves only had spots of photobleaching.
Next, we investigated the efficiency of repression of PDS by WClMV-mediated VIGS at the RNA level (Fig. 3b) . The PDS mRNA was reduced in the photobleached tissues infected with either WClMV-RCi-PDSs or -PDSas, compared to tissues infected but not photobleached, and those infected with WClMV-RCi-GFP. Interestingly, only the subgenomic RNAs, not genomic RNAs, were reduced below detectable levels in the photobleached tissues, supporting the previous study, implying that PVX has developed a method to evade and survive RNAi without encoding a strong RNAi suppressor (van Wezel and Hong 2004) . These results suggest that the observed photobleaching was caused by VIGS of PDS, triggered by the recombinant WClMVs. We note that the severe photobleaching in pea inoculated with the WClMV expressing the PDS sequence and the disappearance of GFP fluorescence in pea inoculated with the WClMV expressing GFP seemed to occur coincidently, implying that the disappearance of GFP fluorescence was caused by VIGS against the recombinant WClMV RNA genome with the GFP sequence, although both the genomic and subgenomic RNAs were detected (Fig. 3b, lane 6th GFP100) .
Finally, we inoculated VIGS of PDS into Medicago littoralis Harbinger, M. truncatula Jamelong A-17, and broad bean. Photobleaching was observed in very limited areas of the infected plant leaves (Fig. 3c) .
In this study, we successfully constructed the WClMV vector and demonstrated transgene (GFP) expression and VIGS for an endogenous gene (PDS) using the recombinant WClMV in legumes, in particular pea. However, regarding VIGS, compared to the photobleaching phenotype caused by VIGS of PDS in previous studies using different virus vectors in pea (Constantin et al. 2004; Igarashi et al. 2009 ), there might still be room to improve our WClMV-RCi vector for use of VIGS for endogenous a b c Fig. 2 Observation of GFP fluorescence in pea line PI 226564 inoculated with White clover mosaic virus (WClMV)-RCi-GFP50, -GFP75 and -GFP100. a GFP fluorescence in leaves of three plants inoculated with WClMV-RCi-GFP100. b Magnified panels of the regions within broken lines. c GFP fluorescence in pea leaves inoculated with WClMVRCi-GFP50 and -GFP75. Bar 3 mm genes. Photobleaching was observed in almost all of the upper parts of plants infected with the PEBV vector (Constantin et al. 2004 ) and the ALSV vector (Igarashi et al. 2009 ), whereas the WClMV-RCi-PDS-infected peas showed photobleaching in a relatively limited area: over the entire sixth or seventh leaf, and veins, or as spots on upper leaves when the plant was inoculated at the second leaf from base. Nevertheless, the WClMV vector has an advantage over the other two virus vectors in terms of the time required for establishment of VIGS in infected peas and the ease of construction of the virus vector for VIGS. It was reported to take 28 days after inoculation for photobleaching in pea infected with PEBV (Constantin et al. 2004 ), but it took just 8-10 days after inoculation with WClMV. Because ALSV proteins were first expressed as a polyprotein and then processed by viral protease, target sequences must be ligated in frame to cloning sites of ALSV (Igarashi et al. 2009 ). In the WClMV vector, target sequences do not have to be ligated in frame, and thus we might be able to obtain high throughput VIGS to screen endogenous genes, as performed previously (Lu et al. 2003 ) though the flexibility and dispensability of a transgene in the WClMV vector for viral pathogenicity might result in the instability of a transgene integrated in viral genome during virus multiplication in infected plants (Fig. 1b) . The virus vector expressing target sequences as an inverted repeat structure, which was expected to form dsRNA, was reported to induce more efficient VIGS in infected plants than that expressing the sense or antisense target sequence (Lacomme et al. 2003) . Recently, potexvirus vectors deficient in TGB1 in its anti-RNAi activity because of a point mutation (from leucine to proline residue) in which leucine at that position is well-conserved among potexviruses, including WClMV, has been shown to induce more efficient VIGS than that possessing the wildtype TGB1 (Hammond et al. 2010) . Hence, to improve the WClMV-RCi vector constructed in this study for VIGS use, it could be worth examining a modified WClMV-RCi vector by inducing a leucine to proline mutation in its TGB1 to attenuate the anti-RNAi activity or integrating an inverted repeat of the target into the viral genome. a b c Fig. 3 Observation of the photobleaching phenotype caused by VIGS of the PDS gene in legumes. a Photobleaching expressed in upper leaves and stems of pea line PI 226564 inoculated with the White clover mosaic virus (WClMV) vectors expressing antisense of the PDS gene (WClMV-RCi-PDSas, PDSas) and sense RNA (WClMVRCi-PDSs, PDSs) at 14 dai. b Northern blotting confirmed VIGS of the PDS gene in pea plants. The DIG-labeled cRNA probes used were complementary to the PDS mRNA and the WClMV CP gene, which was expected to bind to both the viral genome (g) and subgenomes (sg, indicated by a slanted line). The PDS mRNA and WClMV genome and subgenomes were detected in RNA extracts from the fourth and sixth leaves. Ribosomal RNAs (rRNA) are shown as loading controls. c Medicago littoralis Harbinger, M. truncatula Jamelong A-17 and broad bean cv. Kawachi-issun were also inoculated with WClMV-RCi-PDSs100. The photobleaching expressed in their upper leaves at 30 dai is shown. Open arrowheads indicate the photobleaching regions
